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Genetic structure of a Colombian cape gooseberry (Physalis 
peruviana L.) collection by means of microsatellite markers
Estructura genética de la colección colombiana de uchuva 
(Physalis peruviana L.) por medio de microsatélites
María Isabel Chacón S.1, Yubelly del Pilar Sánchez1, and Luz Stella Barrero M.2
ABSTRACT RESUMEN
The cape gooseberry (Physalis peruviana L.), a fruit species 
cultivated in the Andes, is one of the major fruit exports of 
Colombia. We hypothesized that the Andean cordilleras in 
Colombia play a role in structuring the genetic diversity of this 
crop. For addressing this hypothesis, a set of 85 Colombian 
cape gooseberry accessions from different departments and 
cordilleras was analyzed by means of 15 SSR markers. AMOVA, 
clustering and Bayesian analyses were applied. The results 
showed the presence of two major groups related to geography: 
one consisting of cultivated and non-cultivated accessions from 
the eastern Andes (Norte de Santander, Santander, Boyaca and 
Cundinamarca) and the other one consisting of cultivated and 
non-cultivated accessions from the central and western Andes 
(Antioquia, Caldas, Cauca and Nariño). The genetic relation-
ships between the accessions suggested that the movement of 
cape gooseberry seeds may be more frequent between neighbor-
ing regions, thus explaining the existence of these two major 
groups. The results also showed lower levels of genetic diversity 
in this sample (HE=0.223), as compared to other Physalis species 
and other studies on the cape gooseberry that used different 
molecular markers. It is recommended that future evaluation 
studies include both cultivated and non-cultivated genotypes 
from the two major groups detected in this study in order to 
better represent the genetic diversity available in this crop.
La uchuva (Physalis peruviana L.), una de las frutas más im-
portantes para la exportación en Colombia, es cultivada en 
las tres cordilleras de los Andes. Este patrón de distribución 
geográfica nos lleva a formular que las cordilleras de los Andes 
juegan un papel importante en la estructura genética de este 
cultivo. Para abordar esta hipótesis, la estructura genética 
en un conjunto de 85 accesiones cultivadas y no cultivadas 
de uchuva se estudió por medio de 15 loci SSR y se aplicaron 
análisis de AMOVA, agrupamiento y métodos Bayesianos. Los 
resultados muestran la existencia de dos grupos de accesiones 
cultivadas y no cultivadas: uno ubicado en la cordillera oriental 
de los Andes (Norte de Santander, Santander, Boyacá y Cun-
dinamarca) y el otro en la cordillera central y occidental de 
los Andes (Antioquia, Caldas, Cauca y Nariño). Las relaciones 
genéticas entre accesiones sugieren que las semillas de uchuva 
son transportadas preferiblemente entre regiones cercanas, 
generando así la estructura genética observada. Se observa-
ron niveles de diversidad genética más bajos (HE=0,223) en la 
muestra analizada que en otras especies de Physalis o en otros 
estudios de uchuva con diferentes marcadores moleculares. Se 
recomienda que futuros estudios de evaluación de la uchuva 
incluyan accesiones cultivadas y no cultivadas que representen 
los dos grupos observados en la presente investigación con el 
fin de representar mejor la diversidad genética disponible en 
esta especie. 
Key words: germplasm, cultivars, Andean region, genetic diver-
sity as resource, genetic distance, molecular markers. 
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chromosome number of 2n=48 for P. peruviana (Menzel, 
1951), but recent studies have demonstrated polymorphism 
in the chromosome number. Rodríguez and Bueno (2006) 
observed three different chromosome numbers in five 
individuals that were analyzed; 2n=24 for wild genotypes, 
2n=32 for the Colombia ecotype and 2n=48 for the Kenya 
ecotype. Lagos et al. (2008) investigated the mating system 
in the cape gooseberry under greenhouse conditions and 
Introduction
The cape gooseberry (Physalis peruviana L.), a species of 
the Solanaceae family and native to the Andes of South 
America (Cailes, 1952; Legge, 1974; Council, 1989), is an 
economically important fruit crop in Colombia. Two im-
portant life history traits that can affect genetic diversity, 
namely the ploidy level and mating system, have been pre-
viously studied in this species. In 1951, Menzel reported a 
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observed a mixed mating system with 54% outcrossing and 
the absence of mechanisms promoting self-incompatibility.
In Colombia, the cape gooseberry grows as a wild plant in 
the Andes at elevations ranging from1,500 to 3,000 m and 
as a cultivated plant between 2,400 and 3,400 m, at average 
temperatures between 8 and 14ºC (Fischer and Almanza, 
1993; Fischer, 2000). According to records from the Co-
lombian government, during the years 1995-2000, the 
cape gooseberry production in Colombia was concentrated 
in the departments of Cundinamarca and Tolima and 
starting in the year 2000, its cultivation spread to Boyaca, 
Antioquia, Valle del Cauca, Cauca, Nariño and Norte de 
Santander (Agronet, 2015). In the year 2013, a total of 880 
ha were cultivated with a production of 12,873 t and a yield 
of 14.6 t ha-1 (Agronet, 2015). With the expansion of the 
cultivated area, many agronomical limitations have arisen; 
among the most limiting factors is the disease caused by 
the soilborne fungus Fusarium oxysporum (González and 
Barrero, 2011).
More knowledge and conservation of the native cape 
gooseberry germplasm is needed to overcome the current 
agronomical problems. The National Germplasm Bank of 
Colombia, managed by the Corporacion Colombiana de 
Investigacion Agropecuaria (Corpoica), holds a collection 
of 57 cape gooseberry accessions, of which 48 are native to 
Colombia, mainly from Antioquia, Boyaca, Caldas, Cun-
dinamarca and Nariño, and nine are from other countries 
(Valencia et al., 2010). The Faculty of Agricultural Sciences 
of the Universidad Nacional de Colombia (UNAL) in 
Bogota holds a collection of 54 accessions obtained from 
cultivated fields and from plants growing spontaneously 
(wild or feral) in Cundinamarca, Boyaca, Santander and 
Norte de Santander. Likewise, UNAL in Palmira holds 
a collection of nearly 200 accessions from southwestern 
Colombia. The Universidad de Nariño (UDENAR) holds a 
collection of about 50 accessions of cape gooseberry, mainly 
from Nariño and Cauca. 
These cape gooseberry collections have been partly evalu-
ated for morpho-agronomic variables and resistance to 
F. oxysporum, a key trait to improve the production of 
cape gooseberries in Colombia. UDENAR and UNAL 
in Palmira have pioneered the study of the genetic and 
agro-morphological diversity of cape gooseberries from 
southwestern Colombia (Criollo et al., 2001a; Criollo et al., 
2001b; Lagos et al., 2001; Bonilla and Espinosa, 2003; Bo-
nilla et al., 2008) and UNAL in Bogota and Corpoica have 
mainly studied accessions from Antioquia, Cundinamarca, 
Boyaca, Santander and Norte de Santander (Herrera et al., 
2011; Herrera et al., 2012; Enciso-Rodríguez et al., 2013; 
Berdugo et al., 2015; Garzón-Martínez et al., 2015). These 
studies have shown that cultivated accessions are superior 
in terms of yield and fruit weight, while wild accessions are 
superior in terms of number of fruits per plant, absence of 
fruit cracking and high concentration of total soluble solids 
(Herrera et al., 2011; Herrera et al., 2012). Additionally, wild 
accessions from certain geographic regions exhibit a toler-
ance response to F. oxysporum under specific experiment 
conditions, specially one from the department of Nariño 
(Enciso-Rodríguez et al., 2013).
In spite of being an economically important species, only 
recently have some studies documented the genetic diver-
sity of the Colombian cape gooseberry using molecular 
markers. Among the most useful molecular markers for 
the study of plant germplasm are the microsatellites or SSR 
(short sequence repeats), which are tandem repeats of DNA 
motifs that consist of one to six nucleotides (Kalia et al., 
2011). Two main properties have made SSR the markers of 
choice for population genetic studies in many organisms: 
they are highly polymorphic and codominant. Among 
the studied organisms are Andean crops of the genera 
Solanum, Rubus and Passiflora, among others (Ortiz et al., 
2012; Bushakra et al., 2015; Juyó et al., 2015). For the cape 
gooseberry, Simbaqueba et al. (2011) developed a set of 
SSR markers from the cape gooseberry leaf transcriptome 
sequenced by Garzón-Martínez et al. (2012). From these 
sequences, SSR loci were detected in coding and non-
coding regions with a bioinformatics approach and then 
PCR primer pairs were designed for 162 SSR loci located 
in non-coding regions. These 162 loci were evaluated in 
seven cape gooseberry accessions and the species Physalis 
floridana Rydb., and of these loci, 30 were identified as 
polymorphic. 
Other studies have explored the genetic diversity of the 
Colombian cape gooseberry with molecular markers of 
different natures. Enciso-Rodríguez et al. (2013) sequenced 
74 genes related to plant immunity in six Physalis sp. acces-
sions with variable responses to F. oxysporum and detected 
one single-nucleotide polymorphism (SNP) candidate 
related to resistance. Osorio-Guarín et al. (2016) analyzed 
the genetic diversity of a collection of around 100 cape 
gooseberry accessions from different departments and 
biological statuses by means of about 5,000 SNP markers 
and concluded that the genetic structure was mainly as-
sociated with the state of cultivation (wild and cultivated) 
and not to geography. On the other hand, Garzón-Martínez 
et al. (2015) studied the genetic diversity and population 
structure of 47 accessions of P. peruviana, mainly from the 
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departments of Cundinamarca, Boyaca and Antioquia, and 
13 related taxa. These authors analyzed 642 SNP markers 
and 24 InDels (insertion or deletion) loci and concluded 
that the genetic diversity was organized into two main 
groups, corresponding to the cultivation status (wild and 
cultivated) and not to the geographic origin. 
As mentioned before, wild and cultivated cape gooseber-
ries in Colombia are found in the Andean region, a region 
that is separated into three mountain chains or cordil-
leras (western, central and eastern Andes). Therefore, we 
hypothesized that the genetic diversity in this species is 
influenced by the topography of the Colombian Andes. 
Previous studies have reported that the genetic structure 
is related mainly to the state of cultivation and not to ge-
ography. In this research, we used the SSR loci reported 
by Simbaqueba et al. (2011) to further investigate the 
role of the Colombian Andes and the geographic origin 
of the accessions in determining the genetic structure of 
the cape gooseberry. We also took advantage of morpho-
agronomical data generated in previous studies in some of 
these accessions (Herrera et al., 2011; Herrera et al., 2012) 
to carry out association tests between SSR polymorphisms 
and variables related to yield and fruit quality. These results 
will enhance our understanding of how diverse the cape 
gooseberry germplasm of Colombia is and will give insights 
on how future collection, conservation and improvement 
activities should be conducted to better exploit the genetic 
diversity present in this species.
Materials and methods
Plant material
A total of 345 individuals, distributed into 32 cultivated and 
53 non-cultivated accessions, was analyzed, with an average 
of four individuals per accession. Of these, 54 accessions 
were obtained from UNAL in Bogota, seven accessions 
from Corpoica in Mosquera (Cundinamarca), 18 accessions 
from Corpoica Rionegro (Antioquia) and six accessions 
from Universidad de Nariño. The distribution of these 
accessions by department and by Andean cordillera can 
be seen in Tab. 1. Cultivated accessions are those collected 
in cultivated fields for commercialization purposes. Non-
cultivated accessions are those collected outside cultivated 
fields from plants growing spontaneously (either wild or 
feral), mostly in disturbed areas near gardens and roads. 
We prefer to use the term non-cultivated to include wild 
and feral populations of the cape gooseberry.
Molecular analyses
Genomic DNA was extracted for each individual from 
young leaves using the protocol reported by Vega-Vela and 
Chacón-Sánchez (2011). A total of 15 SSR loci that proved 
to be polymorphic in a previous study (Simbaqueba et al., 
2011) were analyzed in the cape gooseberries. The SSR loci 
were: SSR1, SSR2, SSR10, SSR11, SSR15, SSR54, SSR72, 
SSR77, SSR112, SSR118, SSR121, SSR123, SSR126, SSR138 
and SSR146. Information about primers, melting tempera-
ture and conditions for PCR amplification can be found in 
Simbaqueba et al. (2011). The forward primer of each locus 
was fluorescently labeled at the 5’ end. After amplification, 
PCR products were separated in an ABI PRISM® 3500 
(Applied Biosystems, Foster City, CA) through services 
provided by the Institute of Genetics at UNAL in Bogota. 
Allele calling and genotyping were carried out with the 
program GeneMapper® v. 4.0 (Applied Biosystems, 2006). 
Genetic structure analyses
To quantify the genetic diversity of the accessions according 
to their geographic origin and biological status (cultivated 
and non-cultivated), we calculated the number of alleles 
per locus (Na), effective number of alleles (Ne), observed 




fixation index (F=(HE-HO)/HE) with the program GenAlex 
v. 6.5 (Peakall and Smouse, 2012). For each locus, the poly-
morphism information content (PIC) was also calculated.
TABLE 1. Distribution by Andean cordillera and department of cultivated and non-cultivated individuals and accessions of the cape gooseberries 
included in this study.
Andean cordillera Department
Cultivated Non-cultivated Total
Accessions Individuals Accessions Individuals Accessions Individuals
Eastern
Norte de Santander 4 16 7 41 11 57
Santander 0 0 5 20 5 20
Boyaca 7 27 11 48 18 75
Cundinamarca 16 61 11 36 27 97
Central
Antioquia 0 0 8 34 8 34
Caldas 1 3 4 13 5 16
Western
Cauca 0 0 1 3 1 3
Nariño 4 18 6 25 10 43
Total 32 125 53 220 85 345
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In order to evaluate the genetic relationships between the 
accessions by geographic origin and biological status, two 
matrixes of genetic distances were calculated. Nei’s genetic 
distance assumes the mutational model of infinite alleles 
(Nei, 1987) and the chord distance (Cavalli-Sforza and 
Edwards, 1967) does not assume any specific mutational 
model. From these distances, neighbor-joining topologies 
were generated with the PHYLIP package v. 3.5c (Felsen-
stein, 1993) and the topologies were visualized with the 
software FigTree (Rambaut and Drummond, 2014).
The genetic structure was investigated by means of analysis 
of molecular variance (AMOVA) (Excoffier et al., 1992) 
with 1,000 permutations as implemented in the program 
GenAlEX v. 6.5 (Peakall and Smouse, 2012). For this pur-
pose, we used the state of cultivation (cultivated and non-
cultivated), department of origin and Andean cordillera 
(western, central and eastern Andes) as sources of variation. 
The genetic structure was also investigated by means of a 
Bayesian approach implemented in the software Structure 
(Pritchard et al., 2000) and by means of a principal coor-
dinate analysis (PCO) implemented in GenAlEX v. 6.5 
(Peakall and Smouse, 2012). For the Bayesian approach, 
individuals were assigned to a number of K populations 
and Q-matrixes of global ancestry were obtained. In this 
analysis, the K from 2 to 6 was analyzed in a total of 20 
simulations with a burnin period of one million and one 
million MCMC (Markov chain Monte Carlo) steps after 
burnin. The program CLUMPP (Jakobsson and Rosenberg, 
2007) was used to obtain a single Q- matrix for each K and 
from all of the 20 independent simulations. The optimum 
K was chosen according to Evanno et al. (2005) using the 
Structure Harvester program (Earl and VonHoldt, 2012). 
Bar plots for the ancestry coefficients of individuals were 
drawn using the Distruct software (Rosenberg, 2007). The 
admixture and correlated allele frequency models were 
used because they are more appropriate for outcrossing 
species such as the cape gooseberry (Lagos et al., 2008). For 
the PCO analysis, the individuals were grouped according 
to their geographic origin and biological status and a ma-
trix of genetic distance was calculated with the program 
GenAIEX v. 6.5 (Peakall and Smouse, 2012). 
Morpho-agronomical traits and association analyses
Herrera et al. (2011, 2012) carried out a morpho-agro-
nomical evaluation of a collection of 54 cape gooseberry 
accessions held at the UNAL, Bogota, with 23 quantitative 
variables related to yield and fruit quality, among them the 
most important variables were: yield, total soluble solids, 
percentage of fruit cracking, fresh fruit weight with the 
calyx, fresh fruit weight, dry fruit weight with the calyx, 
dry fruit weight, fruit volume, pH and maturity index. In 
this study, association tests were carried out between the 
SSR allele diversity and these ten phenotypic variables for 
a sample of 187 individuals from which these data were 
available. For this, mixed linear models implemented in the 
software GAPIT (Lipka et al., 2012) were used, controlling 
for the population structure and genetic relatedness among 
the individuals by incorporating a PCA and a kinship ma-
trix also calculated in GAPIT (Lipka et al., 2012). Box-Cox 
transformations of variables were done with the appropriate 
lambda values with the software R (Team, 2014) to reach the 
optimal fit against the normal distribution. P-values were 
corrected using the false discovery rate (FDR) criterion.
Results
Polymorphisms in SSR loci
A total of 50 alleles was observed in the whole sample, 
between two and five alleles per locus and an average 
number of alleles per locus of 3.059 (Tab. 2). It can be seen 
that the observed allele sizes were close to the expected 
allele sizes, that many alleles were rare (frequency <5%) 
and that many rare alleles were unique to either cultivated 
or non-cultivated accessions. The most polymorphic SSR 
locus was SSR15 with a PIC of 0.568, the remaining SSR 
loci showed PIC values between 0.043-0.067, 0.101-0.132 
and 0.317-0.344. The expected heterozygosity ranged 
from 0.026 for locus SSR121 and SSR10 to 0.641 for locus 
SSR15, with an average expected heterozygosity of 0.223. 
The inbreeding coefficients (F) for these loci were mostly 
negative, indicating an excess of heterozygotes, as can 
be expected for a self-compatible but outcrossing species 
(Lagos et al., 2008). 
Genetic structure
When comparing the accessions from different biological 
statuses (Tab. 3), we saw that the cultivated and non-cul-
tivated accessions were very similar in terms of different 
indexes related to genetic diversity (Na, Ne, Ho, HE and 
F). The genetic differentiation among the cultivated and 
non-cultivated accessions as measured by the AMOVA was 
small but significant (FST = 0.058, P = 0.001).
Table 3 also shows the genetic diversity values estimated 
according to the department of origin. The expected het-
erozygosity (HE) values ranged from 0.173 for Antioquia 
to 0.229 for Boyaca and Norte de Santander. The genetic 
differentiation among the departments (FST = 0.106, P= 
0.001), as indicated by the AMOVA, was significant and 
larger than between the biological statuses. 
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TABLE 2. Polymorphism and genetic diversity data for the SSR15 loci that were used and the 345 individuals analyzed in this study.
Locus N Observed allele sizes in bp (frequency)
Expected allele size 
















































































187 3 2.004 0.970 0.501 0.378 -0.935***
Total 50 - - 3.059 1.424 0.295 0.223 0.2154 -0.104
N, number of observed alleles; Na, average number of alleles per locus; Ne, effective number of alleles; Ho, observed heterozygosity; HE, expected heterozygosity; PIC, polymorphic information 
content; F, inbreeding coefficient (* the upper index shows the results of the chi-square test of Hardy-Weinberg Equilibrium for each locus: NS, non-significant and *** highly significant with 
P≤0.001). The expected allele size was taken from Simbaqueba et al. (2011). In the observed allele size and frequency, a means alleles unique to cultivated accessions and b means alleles unique 
to non-cultivated accessions. 
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In regards to the Andean cordilleras, the HE values ranged 
from 0.137 for the central Andes to 0.192 for the eastern 
Andes. The level of differentiation between the Andean 
cordilleras (FST = 0.174, P = 0.001) was significant and larger 
than between the departments and biological statuses. 
The genetic structure was also investigated by means of 
genetic distances, PCO and structure analyses. The average 
Nei’s genetic distance among the accessions was 0.13, with a 
minimum value of 0 and a maximum value of 0.503. Figure 
1 shows a histogram of genetic distance values among the 
analyzed accessions. Most of the pairwise comparisons 
showed genetic distance values between 0.1 and 0.15. The 
genetic distance was also calculated for the accessions from 
different departments and biological statuses (13 different 
groups). The department that showed the highest average 
genetic distance was Cauca with 0.19, much higher than the 
average of 0.13. The pairwise comparison between the ac-
cessions that showed the largest genetic distance (0.50) was 
between one accession from Cauca (non-cultivated) and 
one accession from Norte de Santander (non-cultivated), 
two departments that are at the two extremes of the ana-
lyzed geographical range.
Figure 2 shows the genetic relationships among the acces-
sions according to the department of origin and biological 
TABLE 3. Genetic diversity values in the cape gooseberry by biological status (cultivated versus non-cultivated) and geographic origin (departments 
and Andean cordillera) as measured by the set of 15 SSR loci used in this study.
Biological status N Na Ne HO HE F
Cultivated 125 2.353 1.403 0.268 0.209 -0.134
Non-cultivated 220 2.824 1.428 0.310 0.227 -0.124
Department
Norte de Santander 57 2.294 1.415 0.297 0.229 -0.136
Santander 20 1.765 1.381 0.291 0.209 -0.309
Boyaca 75 2.235 1.437 0.309 0.229 -0.209
Cundinamarca 97 2.294 1.390 0.265 0.212 -0.093
Antioquia 34 1.765 1.320 0.293 0.173 -0.368
Caldas 16 1.588 1.328 0.301 0.182 -0.543
Cauca 3 1.353 1.353 0.353 0.176 -1.000
Nariño 43 1.824 1.385 0.330 0.211 -0.310
Andean cordillera
Eastern 249 2.733 1.351 0.230 0.192 -0.049
Central 50 1.667 1.246 0.231 0.137 -0.256
Western 46 1.800 1.319 0.254 0.179 -0.179
Total population 345 3.059 1.424 0.295 0.223 -0.104
N, sample size; Na, average number of alleles per locus; Ne, effective number of alleles; Ho, observed heterozygosity; HE, expected heterozygosity; F, inbreeding coefficient.
FIGURE 1. Histogram showing the Nei’s genetic distance values obser-







































































status by means of a neighbor joining (NJ) topology based 
on Nei’s genetic distances (similar results were obtained 
with the Chord distance). It can be seen that, on the one 
hand, cultivated and non-cultivated accessions from 
the eastern Andes tended to cluster together (group 1) 
and, on the other hand, cultivated and non-cultivated 
accessions from the central and western Andes tended 
to cluster together (group 2). The accession from Cauca 
(non-cultivated) appeared as the most distant accession. 
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The three axes of PCO explained 57.36%, 24.04% and 
10.20% of variation, respectively, for a cumulative 91.60%. 
The PCO analysis also suggested the existence of two main 
groups of accessions (Fig. 3), similar to the NJ topology. The 
non-cultivated accession from Cauca was separated from 
the two groups, a pattern also observed in the NJ topology. 
For the Bayesian analysis in the structure, 13 groups were 
defined according to the department of origin and bio-
logical status (see legend of Fig. 4). The optimum K was 4 
according to the method proposed by Evanno et al. (2005). 
Figure 4 shows the plot of ancestry coefficients from K 2 
to 4 for each of the 13 groups. Figure 5 shows the ancestry 
coefficients for each of the 13 groups from each of the four 
populations defined by the structure (K = 4). It can be seen 
in Fig. 5 that the ancestry coefficients of the departments 
























































FIGURE 2. Neighbor-joining topology showing the genetic relationships among the cape gooseberry accessions built on the basis of a Nei’s genetic 
distance matrix of SSR polymorphisms. Each unit of analysis consisted of accessions from the same department and biological status (cultivated 
























FIGURE 3. PCO analysis showing the genetic relationships among the 
cape gooseberry accessions. Each unit of analysis consisted of ac-
cessions from the same department and biological status (cultivated or 
non-cultivated). Two major groups (1 and 2) can be observed.
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11. Norte de Santander, cultivated






FIGURE 4. Plots of global ancestry for cultivated and non-cultivated Physalis peruviana from different departments in Colombia obtained from the 
structure. Results for K = 2, K = 3 and K = 4 are shown from top to bottom. A total of 13 groups were assessed: 1. Antioquia, non-cultivated; 2. 
Boyaca, cultivated; 3. Boyaca, non-cultivated; 4. Caldas, cultivated; 5. Caldas, non-cultivated; 6. Cauca, non-cultivated; 7. Cundinamarca, cultiva-
ted; 8. Cundinamarca, non-cultivated; 9. Nariño, cultivated; 10. Nariño, non-cultivated; 11. Norte de Santander, cultivated; 12. Norte de Santander, 
non-cultivated; 13. Santander, non-cultivated.
FIGURE 5. Pie graphs that show the percentages of global ancestry from each of the four hypothetical populations, K = 4 (according to the results 
shown in Fig. 4) for different units of analysis. Each unit of analysis consisted of accessions from the same department and biological status (cul-
tivated or non-cultivated).
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from the eastern Andes (group 1) were different from those 
at the central and western Andes (group 2).The differentia-
tion between these two groups as measured by the AMOVA 
(FST = 0.181, P = 0.001) was significant.
Association analyses among the SSR alleles 
and morpho-agronomical variables
No associations were detected among the SSR alleles and 
the ten analyzed phenotypic variables. For comparison 
purposes, association analyses were carried out with raw 
data and transformed data. With the raw data, two alleles 
in the locus SSR2 were associated with the fruit weight, 
fruit weight with the calyx and fruit volume, and one 
allele in the locus SSR54 was associated with the maturity 
index and pH, but these associations did not hold when the 
transformed data were used.
Discussion
Documenting genetic diversity patterns in an economically 
important species is key for future applications and conser-
vation of the germplasm. For example, when selecting pa-
rental genotypes for breeding programs or QTL mapping, 
it is very useful to know how distantly related the selected 
genotypes are. Also, for ex situ conservation purposes and 
for germplasm collection activities, it is important to know 
how the genetic diversity available in situ is structured. 
Hopefully, the information generated in this study will 
help future investigators make informed decisions about 
the use of the cape gooseberry germplasm.
The main purpose of this study was to assess the genetic 
structure of the Colombian cape gooseberries from differ-
ent geographic regions (departments and Andean cordille-
ras). We start this section by discussing the polymorphisms 
observed in the SSR loci, then we examine the levels of 
genetic diversity found in P. peruviana and we end our dis-
cussion by comparing the role of the biological status and 
geographic origin in the organization of genetic diversity. 
Polymorphism of SSR loci
In this study, a set of 15 microsatellite markers were used 
to assess the genetic diversity patterns in cape gooseberries 
from different geographic regions in Colombia. In this 
study, PIC values for the 15 SSR loci ranged from 0.043 to 
0.568, with an average of 0.215, and only six loci showed 
moderately high PIC values ranging from 0.317 to 0.568. 
These PIC values are similar to those reported by Garzón-
Martínez et al. (2015) (PIC values from 0.094 and 0.663) 
who analyzed a set of 47 P. peruviana accessions and 13 
related taxa with 24 InDel markers derived from single 
copy genes in the nuclear genome. Although the SSR loci 
used here proved to be useful for genetic diversity studies 
on this species, further studies should screen a larger 
number of SSR loci in order to identify markers with high 
PIC values (PIC of 0.6 and above) that would be useful for 
germplasm identification purposes (for example, variety 
identification).
Genetic diversity of cape gooseberries in Colombia
When interpreting the genetic diversity values obtained in 
one study, it is misleading to refer to those values in absolute 
terms and, therefore, it is better to make comparisons with 
previous studies on the same or related species with similar 
molecular markers. By doing so, we found that the Colom-
bian cape gooseberry accessions analyzed here contained 
slightly lower or similar numbers of alleles per locus (Na = 
3.059) than other Physalis species. Wei et al. (2012) studied 
a collection of 22 Physalis philadelphica Lam. (or tomatillo) 
accessions, mainly from Mexico, and 14 accessions of other 
Physalis species, including three of P. peruviana, by means 
of 25 SSR loci developed by Simbaqueba et al. (2011). For 
these 25 SSR loci, the authors reported Na values of 3.3 for P. 
philadelphica and 4.44 for the other Physalis species. When 
comparing the Nei’s genetic distances, we observed that, 
while in cape gooseberry the average Nei’s genetic distance 
was 0.13, for the tomatillo, the average Nei’s genetic distance 
was almost double (0.22) (Wei et al., 2012).
In other types of comparisons, we found that the expected 
heterozygosity (HE = 0.223) estimated in the present study 
was lower than in previous studies involving the Colombian 
cape gooseberry. For example, Osorio-Guarín et al. (2016) 
studied a set of 100 wild and cultivated cape gooseberry 
accessions from different regions in Colombia with more 
than 5.000 SNP markers and reported a HE value of 0.647, 
almost three times the one reported here. This strong 
discrepancy may be explained by the kind of marker used 
in each study, the differences in accessions used, and the 
amount of loci analyzed, with the study by Osorio-Guarín 
et al. (2016) using a more complete genomic sampling. On 
the other hand, Garzón-Martínez et al. (2015) reported HE 
values for the Colombian cape gooseberry of 0.30 for InDel 
markers and 0.41 for SNP markers, again HE values higher 
than the one reported here. 
In summary, we can see that the magnitude of the 
genetic diversity estimators may differ greatly among 
studies and this depends on many factors, such as 
sample size, origin accessions and molecular mark-
ers that are used. So far, the most complete genomic 
sampling of the Colombian cape gooseberry has 
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been the one reported by Osorio-Guarín et al. (2016), 
where higher values of genetic diversity were reported 
(HE = 0.647). This suggests that the potential of the Co-
lombian cape gooseberry to harbor alleles that are useful 
for a variety of breeding purposes is promising and still 
to be exploited.
Genetic structure of the Colombian cape gooseberry
The genetic structure of the Colombian cape gooseberry by 
biological status and geography was explored in this study. 
The genetic relationships among the different geographical 
regions and biological statuses shown in Fig. 2 and the 
clustering patterns shown by the PCO and structure analy-
ses suggest that the Colombian cape gooseberry could be 
clustered into two groups, mainly by geography. Group 1 
contained accessions from the eastern Andes (from Cun-
dinamarca to Norte de Santander) and group 2 contained 
accessions from the central and western Andes (from An-
tioquia to Nariño). These results suggest that the Andean 
cordilleras play an important role in structuring the genetic 
diversity in this species and that cape gooseberry seeds may 
be preferentially exchanged between neighboring regions, 
with very little exchange between these two main groups. 
We have personally observed how growers have transferred 
cape gooseberry seeds between neighboring departments to 
establish new cultivated areas in order to overcome biotic 
and abiotic pressures found during the production cycle 
(personal observations in Cundinamarca and Boyaca).
The results also show that, although there is some degree 
of differentiation among the cultivated and non-cultivated 
accessions of the same department, this level of differen-
tiation is not as important as the one observed among the 
departments or cordilleras. This may suggest that cape 
gooseberry cultivation activities may be initiated either 
from cultivated or non-cultivated materials originating in 
the same or in neighboring departments. 
These results of the genetic structure, mainly by geographic 
region, contrast with the study by Bonilla et al. (2008), who 
investigated the genetic structure of a collection of the 
Colombian cape gooseberry from the southwestern part 
of the country (departments of Nariño, Cauca and Valle 
del Cauca), Caldas and Cundinamarca. The authors did 
not observe any relationship between the genetic structure 
and geography, maybe because their sampling was mainly 
focused on the departments of the southwest of Colombia 
(western Andes, group 2 in this study), with very few ac-
cessions from the central and eastern Andes. The present 
results also contrast with the studies by Osorio-Guarín et 
al. (2016) and Garzón-Martínez et al. (2015) who did not 
find any relationship between the genetic structure and 
geography but rather with the biological status. Osorio-
Guarín et al. (2016) found three groups of accessions, one 
group containing mainly wild accessions, another group 
with cultivated accessions from traditional farmers, and a 
third group with accessions from commercial cultivated 
fields. One important observation was that, in the study 
by Osorio-Guarín et al. (2016), most of the wild genotypes 
came from the departments of Cundinamarca, Boyaca, 
Santander and Norte de Santander (eastern Andes), most 
of the materials from traditional farmers came from 
Antioquia (central Andes), and most of the commercial 
varieties came from Cundinamarca and Boyaca (eastern 
Andes), which could explain why the clustering pattern was 
not clearly related to geography. In the study by Garzón-
Martínez et al. (2015), the number of analyzed accessions 
was half of those analyzed here, with a poorer geographical 
representation compared with the present study.
One interesting result of the present study was the large 
average genetic distance of the non-cultivated accession 
from Cauca, as can be seen in Fig. 2. However, the fact that 
Cauca was represented by only one accession did not allow 
us to reach any conclusion.
These results are certainly important for future breeding 
activities for the cape gooseberry. It is recommended that 
future evaluations of germplasm for agronomical traits and 
disease resistant traits should include wild and cultivated 
accessions from the two groups identified in this study 
because some traits might be present in one of the groups 
and absent in the other. For example, Osorio-Guarín et al. 
(2016) assessed resistance to F. oxysporum in a set of 100 
cape gooseberry cultivated and non-cultivated accessions 
from different regions in Colombia and found 16 accessions 
that showed a tolerance response to the fungus, mainly 
wild accessions from the departments of Antioquia, Cun-
dinamarca and Boyaca.
Conclusions
In general, we can say that the genetic diversity estimators 
reported here for the Colombian cape gooseberry were 
lower than those reported in previous studies on the same 
or related Physalis species. We believe these discrepancies 
were mainly due to the different genomic coverages in the 
studies, the type of markers used and the analyzed popula-
tions. We can conclude that the Andean cordilleras played 
a more important role in structuring the genetic diversity 
in the Colombian cape gooseberry than the biological sta-
tus (wild versus cultivated). These results have important 
implications for future studies that aim to evaluate the 
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genetic diversity available in this species and should include 
samples from the eastern, central and western Andes. The 
fact that different studies reached different conclusions in 
relation to genetic structure patterns in the Colombian cape 
gooseberry leads us to propose that we still need a more 
comprehensive study with better genomic and geographi-
cal sampling.
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